ABSTRACT: Zinc oxide (ZnO) nano-superstructures (NSSs) have attracted intense research interest due to their large surface areas and unique properties. In this work, we report an original approach to synthesize ZnO NSSs in a onestep manner with a hydrothermal method. The crystalline structures and growth mechanism can be understood by surface energy calculations. The reaction kinetics was investigated for the control of the morphology of ZnO NSSs. The critical role of the morphology of Au catalysts in the synthesis of ZnO nanostructures has been demonstrated. Such ZnO NSSs can be fabricated on various rigid and flexible substrates for applications in electronics, solar cells, and piezoelectric devices.
■ INTRODUCTION
Zinc oxide (ZnO), a wide bandgap semiconductor material, exhibits unique electronic and optical properties when at least one dimension is constrained at the nanoscale. 1 These properties have found various applications in optics and energy conversion devices. As a result, the study and fabrication of ZnO nanomaterials, such as nanowires, 2 nanodots, 3 nanorings, 4 and highly branched superstructures 5 have been at the frontline of recent research. Among all the ZnO nanostructures, highly branched ZnO nano-superstructures (NSSs) have generated an intense interest for enhanced performance in energy conversion devices, such as polymer−inorganic hybrid solar cells (PIHSCs), 6 dye-sensitized solar cells (DSSCs), 7−9 and piezoelectric nanogenerators. 10 For instance, highly branched ZnO NSSs with multiscale hierarchical configurations can substantially improve the energy conversion efficiency for PIHSCs and DSSCs due to the large surface area and enhanced charge transport properties. It has been demonstrated that ZnO NSSs can improve the energy conversion efficiency (3.74% 8, 11 ) by 150% compared with simple one-dimensional (1-D) nanowire arrays (∼1.5%) for DSSCs. 7 Highly branched ZnO NSSs also exhibit superior performance in various other devices such as solar-assisted water splitting electrodes, 12 nanolasers, 13 biosensors, 14 optical gratings 15, 16 or polarizers, 16 field emission, 17 and microwave absorption. 18 However, the applications of ZnO NSSs are still hampered by the difficulty of synthesizing ZnO NSSs in a facile, controllable, and low-cost manner.
Various attempts have been made to synthesize ZnO NSSs, including hydrothermal and thermal evaporation methods. Most thermal evaporation and hydrothermal methods are based on multistep catalyst/seed-assisted reactions. 2,8,19−22 For instance, ZnO branches were grown on prefabricated ZnO nanowires via catalysts/seeds of gold (Au) or ZnO nanodots dispersed on the surface of the ZnO nanowires. This method requires a complex multistep fabrication process. It also introduces foreign particles, such as Au nanodots, which may impair the performance of nanodevices made of ZnO NSSs. Recently, direct synthesis of ZnO NSSs through a thermal evaporation method without any catalyst was reported. 13 The dendritic growth is a result of rapid crystallization with highly supersaturated reactants. 23 However, such methods require high temperature and elaborate instrumentation, which are disadvantageous in cost-effective manufacturing. Recently, Li and co-workers reported a metal hydrothermal oxidation approach to prepare ZnO nanoferns without catalysts. 24 The ZnO nanoferns exhibit enhanced visible emission and photocatalysis compared with as-prepared ZnO nanorods.
In this work, we report an innovative approach to synthesize comb-like ZnO NSSs in a one-pot and one-step manner assisted by 1-D catalysts with a hydrothermal method. The 1-D catalysts can be readily removed, leaving the ZnO NSSs intact. By variation of the reactant concentration and reaction time, ZnO NSSs with stems and branches of desirable dimensions can be readily obtained. The critical role of Au catalysts in the synthesis has been discussed and demonstrated. Such ZnO NSSs can be synthesized on both rigid and flexible substrates including silicon, glass, indium titanium oxide (ITO) glass, and kapton tapes, which are suitable for various applications.
■ EXPERIMENTAL SECTION
To synthesize ZnO NSSs, 14 mL of 10 mM Zn(NO 3 ) 2 ·6H 2 O (zinc nitrate hexahydrate, Aldrich, 98%) and 14 mL of 10 mM C 6 H 12 N 4 (hexamethylenetetramine, Aldrich, 99%) were mixed at room temperature and transferred to a 50 mL glass bottle. The Au nanowire catalysts with diameters of 300 nm and lengths of 6 μm, prepared by electrodeposition into nanoporous templates, 25−27 were uniformly dispersed on a 1.5 cm ×1.5 cm Si wafer (with a native oxide layer) and then dried in air. The Si wafer with the Au nanowire catalysts was loaded upside down in the Teflon holder in the glass container and incubated at 90°C for 16 h. Then we took out the silicon wafer, rinsed it with water, and dried it in air.
The chemical reactions that take place were as follows: 
At room temperature, reaction 1 goes from left to right resulting in the precipitation of a Zn 2+ amino complex shortly after the mixing of Zn(NO 3 ) 2 ·6H 2 O and C 6 H 12 N 4 . At a temperature of 90°C, reaction 1 reverses direction and the Zn 2+ amino complex is dissolved. At the same time, reaction 2 shifts to the right side, which consumes the acid and increases the pH value. This process promotes reactions 3 and 4 to go toward the right. As a result, ZnO nanocrystals are formed.
1 This is a dynamic process, during which the concentration of reagents are changing, as well as the growth speed and morphology of ZnO.
Following the synthesis, the characterization of the as-synthesized ZnO NSSs was conducted by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The SEM images were taken with a Hitachi-S5500 instrument, whereas the TEM images and selected area electron diffraction (SAED) were taken in a JEOL 2010F. The reaction kinetics can be understood by a reactantconcentration-dependent kinetic process. In the beginning, the concentration of the reactants is relatively high, which favors the growth of stems. With the progress of the reaction, the concentration of the reactants decreases to a threshold value, which no long favors the growth of stems and instead promotes the growth of branches. To confirm this hypothesis, we studied the concentration-dependent morphology. All the reactions were examined at a fixed reaction time, for example, 6 h. It was found that the length of the stems increased with the reaction concentration from 1 to 20 mM, while the branch density and lengths decreased with the concentration as shown in Figure  2c ,e. These experiments confirmed our aforementioned hypothesis. Therefore, by selecting a suitable reactant concentration and reaction time, ZnO NSSs with desired dimensions in both the stems and the branches could be readily obtained. For instance, if we want to synthesize ZnO NSSs with short stems and long and dense branches, we could design reactions with a low reactant concentration and a long reaction time.
Growth Mechanism of the ZnO NSSs. Next, we investigated the growth mechanism of the ZnO NSSs with TEM/SEM imaging and surface energy calculations. The bright-field TEM image of as-prepared ZnO NSSs showed the comb-like morphology [ Figure 3a ]. SAED was conducted on both the stems [ Figure 3b The {0001}, {112̅ 0}, and {1̅ 100} planes are frequently reported surface planes of wurtzite ZnO nanostructures, and the ⟨0001⟩, ⟨112̅ 0⟩ and ⟨1̅ 100⟩ are the corresponding fast growth directions. 1 It is commonly believed that under thermodynamic equilibrium conditions, the surface areas of high-energy facets are smaller than those of low-energy facets. 1 The crystal orientations of the ZnO NSSs can be understood by surface energy calculations that have been reported previously. 31 We did surface energy calculations based on density functional theory and obtained a similar trend (Supporting Information, S2). As shown in Table 1 , the values of as- calculated surface energy follow the order of E{0001} > E{112̅ 0} > E{1̅ 100}. Therefore, it can be readily understood that the {1̅ 100} surfaces with the lowest energy have the lowest growth rate along ⟨1̅ 100⟩ and are prone to be the most stable surfaces with a large area; by the same token, {0001} surfaces with the highest energy have the highest growth rate along ⟨0001⟩.
Combined with the previously discussed kinetic study, this result helps us further understand the growth mechanism of the ZnO NSSs synthesized in our work. In the initial stage of the reaction, the concentration of Zn [ Figure 5b ]. As a result, using surface energy arguments, we can readily explain the crystalline growth behavior of ZnO NSSs synthesized by our method. The same crystalline orientations exhibited in our comb-like ZnO nanostructures were also found in various ZnO nanostructures. 32 Different from our work, most other reported ZnO NSSs grow along other crystalline orientations, that is, the branches grow along Further investigation is ongoing to understand the specific role of the catalyst morphology in the synthesis of ZnO NSSs. The Au nanowires are advantageous as catalysts for the ZnO NSSs synthesis owing to the simplicity of the experimental procedure and the ease of removal of the Au nanowire catalysts with the ZnO NSSs intact, which eliminates the problem of device impairment as found in other ZnO devices. 41, 42 In summary, the growth of ZnO NSSs can be described as follows: in the beginning of the reaction, when the reactant concentration is high, the stems preferentially grow along the [0001] direction. As the reaction proceeds, the reactant concentration decreases to a threshold value, which promotes the growth of branches, which grow along the [112̅ 0] and [0001] directions on the sides and tips of the stems, respectively.
By use of this method, the ZnO NSSs can be synthesized on various substrates, either rigid substrates, such as Si, glass, or ITO substrate, or soft substrates such as kapton tapes. The morphology of the ZnO NSSs is similar to that in Figure 6a .
■ CONCLUSION
We report the synthesis of comb-like ZnO NSSs by hydrothermal method. The fast growth directions of the stems and branches of the ZnO NSSs were determined to be [0001] and [112̅ 0], respectively, which is different from most reported high-temperature synthesized ZnO NSSs. The growth of our ZnO NSSs can be understood from the theoretical surface energy calculations. By varying the reactant concentration and reaction time, ZnO NSSs with desirable dimensions in both the stems and the branches can be readily obtained. Au plays a critical role in the synthesis of ZnO nanostructures. The ZnO NSSs can be grown on both rigid and soft substrates, such as Si wafer, glass, and kapton tapes, which enable them to find applications in electronics, solar cells, and piezoelectric devices. 
